Unlike traditional composites, which typically are placed in maximum increments of 2 millimeters (mm), bulk-fill composites are designed to be placed in 4 mm, or sometimes greater, increments.
Some concerns exist, however, regarding bulk-fill composites. One proposed rationale for limiting composite increments to 2 mm is to allow the curing light to penetrate to the resin farthest away from the light source.
1,2 A second reason for using 2-mm increments is to minimize the shrinkage and shrinkageinduced stress associated with composite polymerization. Contraction stresses that exceed the adhesive strength of the composite may result in gaps between composite and cavity walls. [3] [4] [5] It is widely believed that these marginal gaps may lead to microleakage, sensitivity and secondary caries, 1, [6] [7] [8] [9] [10] [11] although there is little clinical evidence to support that secondary caries are caused by this gap formation. 3, 12 Manufacturers claim that bulk-fill materials have greater depth of cure and lower polymerizationinduced shrinkage stress thanks to technology like "polymerization modulators," which they say allow a certain amount of flexibility and optimized network structure during polymerization. 13 Studies have demonstrated some comparable physical and mechanical properties among a handful of bulk-fill and traditional composites. 9, 14, 15 This study evaluates more in-depth physical and mechanical properties of currently marketed bulk-fill materials in comparison to one another and to traditional composites.
For this evaluation, the ADA Laboratory purchased and evaluated 12 composite resins listed in Table 1 .
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SUMMARY OF TESTS

Depth of Cure and Knoop Hardness Tests
Clinical significance: These tests provide an indication of the total depth to which the composite will cure or the surface hardness you will achieve when the composite is irradiated by a curing light for the amount of time recommended by the manufacturer.
Methods:
We measured the depth of cure for a cylindrical sample of 11 composites according to the standard test method (ISO 4049-2009). 16 We also recorded a relative bottom-to-top hardness measurement based on the Knoop hardness test of each specimen, to assess the degree of conversion after light curing. 1, 17, 18 We measured depth of cure for all of the composites except HYPERFIL, which is a dual-cure material; according to ISO 4049-2009 , 16 the depth of cure test is not applicable to dual-cure materials.
To test the depth of cure, we prepared specimens of each composite (except HYPERFIL) according to the manufacturer's instructions, using the Optilux 501(Kerr) polymerization unit with a light power density of >600mW/ cm 2 . We prepared cylindrical specimens according to ISO 4049-2009 and measured the height of a cured specimen with a micrometer (±0.1mm).
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Continued on next page To assess the Knoop hardness, we prepared 10-mmdiameter composite disc specimens of varying depth (2-5 mm, depending on manufacturer's directions for use) in Teflon molds. We measured the composite disc's hardness by pressing a pointed indenter into the specimens at five places on each of the top and bottom surfaces. We then compared the average depth of the indentations on the bottom to those on the top. In this way, we obtained the hardness ratio of the two surfaces.
Results:
We repeated the depth of cure test on three specimens each of the composites (with the exception of HYPERFIL). We performed the Knoop hardness test on five specimens for each composite. The mean results for each test are reported in Table 2 (page 14).
According to ISO 4049-2009 , the depth of cure should be no more than 0.5 mm below the value stated by the manufacturer. 16 SonicFill, Tetric EvoCeram Bulk Fill, and Alert Condensable Composite did not pass the specification, while all others passed.
For the Knoop hardness test, a bottom-to-top hardness ratio of 80 percent is considered to be adequate curing. 18 All the products met this requirement, with the exception of the Alert Condensable Composite.
Volumetric Shrinkage
Clinical significance: Low volumetric shrinkage reduces the possibility of the composite pulling away from the tooth surface during polymerization, thereby reducing the potential for microleakage and marginal staining.
Methods:
We used a contact angle-measuring instrument (Easy Drop System, model FM40, Krüss America, Charlotte, NC) to measure the volumetric shrinkage of the tested composites. We measured the volume of a 10 μl composite sample both before and after curing of each of the composites except HYPERFIL, the dual-cure composite. We used the difference in volume between pre-curing and 5-minute post-curing to calculate percentage volumetric shrinkage. Because HYPERFIL is a dual-cure composite, we applied the Archimedes principle to calculate its volumetric shrinkage.
Statistics: When analyzing results, we compared the mean shrinkage values using a Kruskal-Wallis test and found significant differences among the means (p≤0.001). We used post hoc Mann-Whitney U tests with the one-stage method multiple comparison procedure to correct for the False Discovery Rate (FDR) to compare multiple brands at p<0.05 see Figure 1 . Results: We tested 10 specimens for each composite and report the mean percentage of volumetric shrinkage in Figure 1 . For this test, lower values are preferred. VOCO's x-tra fill, which is a bulk-fill composite, showed the lowest volumetric shrinkage. 
Polymerization Shrinkage Stress
Clinical significance: The restorative-tooth interface is constantly subjected to stress and strain imposed by polymerization shrinkage forces, thermal stimuli and functional occlusal loads. These stresses may result in clinical problems such as microleakage, marginal breakdown, fractures, postoperative sensitivity, staining and potential pulpal irritation.
Methods: We performed the polymerization shrinkage stress test at Bisco Dental Inc. (Schaumburg, IL) using a device designed and built by Bisco. This device was designed to measure the contraction force at the bottom of a simulated class I cavity with a load cell in both light-and self-curing mode. We placed the uncured resin composite specimen into a cylindrical well with a lower plate that was attached to the load cell, which was sensitive to changes in force.
We coated the bottom surface and the wall of the cylindrical well that made contact with composite sample with Z-prime metal primer (Bisco Inc.), followed by a layer of Allbond 3 adhesive system (Bisco Inc.). The depth of the sample well was adjustable from 0 to 4.5 mm. Depths varied, depending on manufacturers' claimed increment thickness for each respective product.
When appropriate, we light cured specimens according to manufacturer recommendations (we tested both lightcure and chemical-cure formulations of HYPERFIL). We measured force continuously for 30 minutes and then converted force to stress (MPa) by dividing force by area. We calculated the configuration factor (C-factor) for each depth tested and normalized the shrinkage stress results based on the varying C-factors. The C-factor is the ratio of bonded surfaces to unbounded surfaces.
Statistics: Statistically, the shrinkage stress data was normally distributed (Shapiro-Wilk test p = 0.1438), so we used ANOVA to compare the means. Based on a value of p <0.0001, at least one brand significantly differs from the rest, so a post hoc Tukey test with p<0.05 was used to determine which specific brands had significantly different shrinkage stress values.
Results: We tested three specimens of each composite at the manufacturer claimed depth of cure and report the mean results in Figure 2 . Again, for this test, lower values were more desirable. The high viscosity SonicFill and flowable SureFil SDR flow had the lowest polymerization shrinkage stress among all the bulk-fill composites. Figure 4) .
Results: Figure 3 shows the mean flexural strengths of all tested materials, and Figure 4 shows the mean flexural modulus. For flexural strength, higher values are preferred. The desired value for flexural modulus varies depending on the type of restoration being placed. All of the products had adequate flexural strength according to ISO 4049-2009, which requires a value of at least 80 MPa.
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Fracture Toughness and Fracture Work
Clinical significance: The ability of a restorative material to withstand fracture is crucial, especially in stress-bearing areas. The high fracture toughness value of a restorative material may be one of the factors contributing to a favorable clinical outcome in high stress-bearing areas. Fracture work provides an indication of a restoration's ability to resist failure caused by the growth of a crack. Fracture work is the total amount of energy required to "grow" the crack through the specimen to complete fracture. This is calculated from the test performed for fracture toughness and expressed in terms of surface energy in joules per square meter.
Methods:
We used a test method developed in the ADA Laboratories to determine fracture toughness and fracture work. We based this method on established international standards. [20] [21] [22] [23] We used Delrin (DuPont) split molds (34 mm X 4 ± 0.13 mm X 3 ± 0.13 mm) to make 10 specimens (sizes from Annex A.2 ASTM-C1421) 22 for each composite material. A starter notch approximately 1.0 mm X 0.5 mm wide was sawed into each specimen. We then used an abrasive wheel-sharpened circular blade to extend the starter notch to the desired crack length (1.4 to 1.6 mm) and sharpness (tip <20 micrometers diameter). We used a profile projector to measure the sharpness and length of the V-notch before and after fracture. After 24 ± 2 hours in distilled-water at 37 ± 1 °C, specimens were loaded until failure in a three-point-bending apparatus at a cross-head speed of 0.5 mm/min using a mechanical test machine. We measured the fractured surface in three places to yield an average-crack-length (a). We used standard equations 21 for three-point-loading given with conditions of 0.35 ≤ (a)/(W) ≤ 0.70 (W=width, a=average crack length) to calculate fracture toughness and work.
Statistics: Statistically, fracture toughness is not a normally distributed variable (Shapiro-Wilk normality test, p <0.0001), so we used the Kruskal-Wallis test to determine whether the median fracture toughness differed significantly by brand. Based on a value of p <0.0001, at least one brand significantly differs from the rest. We used post hoc Mann-Whitney U tests with correction for FDR to compare the brands at p <0.05 ( Figure 5 on page 20). Fracture work, likewise, is not a normally distributed variable (Shapiro-Wilk normality test p =0.006), so we used a Kruskal-Wallis test to determine whether the median fracture work differed significantly by brand.
Based on a value of p <0.0001, at least one brand significantly differs from the rest, so post hoc MannWhitney U tests with FDR corrections were used to compare the brands at p <0.05.
Results: Fracture toughness and fracture work mean values are shown in Figures 5 and 6 , respectively, for all materials tested. For both fracture toughness and fracture work, higher values are preferred.
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Continued on next page products that performed similarly according to statistical analysis. Products that do not share a black bar had significantly different mean water solubility. † The maximum water solubility value recommended for restorative materials is 7.5µg/mm 3 , according to ISO 4049. 16 Water solubility for all tested products fell below this value.
Water Sorption and Solubility
Clinical significance: Water sorption could lead to dimensional changes, loss of retention, staining and breaking in margin contours. The solubility of dental restoratives influences the rate of degradation and the biological compatibility.
Methods: Using standard test methods, 16, 23 we prepared five disc-shaped specimens of each composite material according to manufacturers' instructions and placed them in a desiccator maintained at 37 ± 1°C. After 22 hours, we moved the specimens to a second desiccator maintained at 23 ± 1°C for 2 hours and then weighed them to an accuracy of ±0.1mg(mass 1), repeating this cycle until we achieved a constant mass. Once the specimens were sufficiently dried, we measured them and calculated the volume of each.
We immersed these specimens in a water bath maintained at 37 ± 1°C for 30 days. After that time, we washed the specimens with water, blotted away any surface moisture and waved them in the air for 15 seconds. One minute after removing them from the water, we reweighed the samples (mass 2). We then placed them in the desiccators, and using the cycle described previously, we dried them to a constant mass (mass 3).
Statistics: Statistically, water sorption is not a normally distributed variable (Shapiro-Wilk normality test p = 0.0013), so we used a Kruskal-Wallis test to determine whether the median water sorption values differed significantly by brand. Based on a value of p < 0.0001, at least one brand significantly differed from the rest. We used post hoc Mann-Whitney U tests with FDR correction at p <0.05 (Figure) .
Likewise, water solubility is not a normally distributed variable (Shapiro-Wilk normality test p <0.0001), so we again used a Kruskal-Wallis test to determine whether the median water sorption values differed significantly by brand. Based on a value of p <0.0001, at least one brand significantly differed from the rest, so post hoc MannWhitney U tests with FDR corrections at p <0.05 were used to determine which brands were significantly different from each other.
Results: Water sorption and water solubility were calculated for all composite materials tested, and their mean values are shown in Figures 7 and 8 , respectively. For both water sorption and solubility, lower values are preferred.
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Shade and Color Stability
Clinical significance: This test verifies that the composite restoration will maintain its color in wet and dry environments.
Methods: To measure shade and color stability, we followed a standard test method, which included comparisons to the shade guides provided by the manufacturers. 16, 23 Three independent observers assessed the shade stability of the shaded composites.
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Continued on next page Since the universal shades did not have guides from the manufacturers to compare against, we only evaluated shade stability for those composites. We assessed color stability for all of the composites.
Results: See Tables 3-5 for results concerning shade and color stability. All the tested products showed little or no variation for shade and color stability after 30 days water storage except Tetric EvoCeram Bulk Fill (IVA) and x-tra fill (U), which showed perceptible change in color stability after 30 days in water at 37°C.
Radiopacity
Clinical significance: This test demonstrates the ability to identify the composite on a radiograph and differentiate it from tooth structure.
Methods: Using disc-shaped composite specimens (1.0 ± 0.1mm thick) and an aluminum step wedge with a thickness that ranged from 0.5 mm to 5.0 mm, we measured the radiopacity of each composite according to a standard test method. 16, 23 We irradiated a film for each specimen set next to the step wedge with X-rays at 65 ± 5kV and a target film distance of 300 mm to 400 mm for such a time that, after processing, the region of film beside the specimen and aluminum has an optical density between 1.5 and 2 mm Al. We then measured the optical density of the specimen image and that of each step of the aluminum. Based on these measurements, we used a standard method to calculate the radiopacity of each specimen. 16, 23 Statistics: Radiopacity is a normally distributed variable (Shapiro-Wilk normality test p=0.08), so we used ANOVA to determine if the means differed significantly by brand. Based on a value of p <0.0001, at least one brand significantly differs from the rest, so a post hoc Tukey test with p <0.05 was used to determine which specific brands had significantly different radiopacity values.
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Continued on next page products that performed similarly according to statistical analysis. Products that do not share a black bar had significantly different mean radiopacity. † As indicated by the green vertical bars, radiopacity for a 1-mm sample of dentin is 1.11mmAl and enamel is 2.05mmAl. 23 Results: The average radiopacity of dentin is equivalent to 1.11 mmAl and enamel is equivalent to 2.05 mmAl. 24 All tested products exhibited a radiopacity value greater than 1 mmAl (Figure 9 ), which is required by the standard. 16 
Summary
This evaluation compared several properties of bulk-fill versus multi-increment-fill, resin-based composites and found performance of restoratives in both categories to be acceptable according to an international standard, 16 with the exception of depth of cure and hardness. Three of the bulk-fill resin-based composites did not achieve adequate depth of cure when tested according to the standard (SonicFill, Tetric EvoCeram Bulk Fill, and Alert Condensable Composite). All products but one (Alert Condensable Composite) demonstrated adequate hardness after curing in a subsequent test (Knoop hardness test).
With the exception of depth of cure and Knoop hardness, we found the laboratory performance of bulk-fill resinbased composites to be comparable to that of traditional multi-increment-fill resin-based composites.
